How a glass-curtain wall affects the heating and cooling load of a building is analysed. The study includes five types of glazings, which include double-glazed clear glass, double-glazed low-e, and double-glazed solar control. The analysis is for three climates: composite (New Delhi), hot and dry (Jodhpur), and warm and humid (Chennai). An office building is chosen for analysis. The study includes effect of glazed area, orientation, and that of climates, on annual energy consumption. It was found that energy consumption increases linearly with the glazed area and minimum energy consumption is for north orientation. For types of climates considered in this study, a glass-curtain wall, made of solar control glazing (reflective), consumes 6-8% less energy than the standard window.
Introduction
In Indian metropolitan cities, a new trend in building construction is coming up: having front façade completely glazed. Mainly, it is from aesthetic point of view, although large glazed area provides more natural light and thereby reduces artificial light requirement. A façade, having 90% of glazed area and 10% of frame area, is usually called a glass-curtain wall. Bouden [1] has analysed impact of glasscurtain walls on energy consumption for an office building in Tunisian climate. Seven different glass curtain walls, in four different orientations, with five different percentages of glazed areas ranging from 20% to 90%, have been analysed. He has found that a glass-curtain wall made of one clear glass and other reflecting glass shows lower energy consumption as compared to a standard size window (20% of area, single glazed clear glass). Bansal et al. [2] have determined glazed area, enough to keep a building thermally comfortable for 3 winter climates of India. They have assumed direct gain through the glazed area absorbed by the building parts as follows: 60% of the radiation by the floor and 8% by the ceiling and each of the four walls. It has been found that for an uninsulated building (no insulation in walls/roof), 30% glazed area of south wall is sufficient for Delhi's composite climate. For insulated buildings, optimum glazed areas are: 10%, 20%, and 30% for New Delhi, Srinagar, and Leh, respectively. Hamdani and Ahmad [3] have analysed the effect of window parameters on inside temperature of the building for climate of Baghdad in Iraq. Saridar and Elkadi [4] have analysed the effect of different window configurations on daylighting energy consumption in an office building at Beirut. A school building has been analysed in terms of energy consumption in Israel by [5] , and it was found that the energy consumption can be reduced up to 50% for high-performance school building. Johnson et al. [6, 7] have studied the annual energy consumption in an office building by using the different types of windows for different climates of USA. Energy performance of a building is influenced by the window size and its orientation [8, 9] . Energy efficient glazings reduce the heating and cooling load of the buildings, allow natural daylight [10, 11] , and provide human thermal comfort [12] . The heating demands of the buildings can be reduced by using the low-e windows and insulation on walls and roof. Those buildings which have high internal gains and relatively large-glazed façade in south show the lower demands of heating. Similarly, the cooling load of the buildings can be reduced by using the solar control windows, and the requisite orientation in which it is minimum can be found [13, 14] . In India, large numbers of office buildings are constructed with front façade completely glazed. How glasscurtain wall affects heating/cooling load of a building is not known. In this work, the analysis has been carried out for a well-insulated office building. Effect of climatic conditions, glazings types, glazed areas, and orientations on annual energy consumption has been analysed.
Input Data
Ten-year weather data (1991-2000) which include monthly mean hourly values of global solar radiation, diffuse solar radiation, relative humidity, and ambient temperature has been procured from India Meteorological Department (IMD), Pune, and this measured data conforms to international standards. IMD Pune acts as the regional radiation center for Asia and maintains the international standards for measurement of surface climate data.
A well-insulated office building with dimensions of 12 m × 8 m × 3 m has been investigated. The insulation specifications are taken as per Energy Conservation Building Code of India (ECBC-2006) [15] : U-values of its walls and roof are 0.352 W/m 2 K and 0.409 W/m 2 K, respectively. Walls have been constructed with 220 mm of brick with 13 mm of cement plaster on both sides. Roof has13 mm of cement plaster as innermost surface, 100 mm of RCC (Reinforced Cement Concrete), 75 mm of mudphuska (a mixture of soil and rice husk), and 25 mm of broken tiles as the outermost surface. Insulation layer of expended polystyrene has been provided on both walls as well as roof, immediately after the innermost layer of plaster (82 mm for walls and 70 mm for roof). Details of walls and roof construction are shown in Figure 1 . Thermal properties of building materials have been taken as per Bureau of Indian standards (BIS) [16] . Working schedule has been assumed from 8 am to 6 pm, with Sunday as holiday. Internal gains from occupants, lighting, and appliances during working hours taken are: person 65 W; computer with monitor 140 W; lighting density 10.8 W/m 2 [15] . The temperature has been controlled at 20
• C in winter and 25
• C in summer during working periods and at 18
• C and 30 • C, respectively, at other times. The ventilation rate considered is 1 ACH (air changes per hour) during the working hours and 0.5 ACH at other times. This study includes three climatic conditions of India: composite (New Delhi, 28
• 35 N, 77
• 12 E), hot and dry (Jodhpur, 26 • 18 N, 73
• 01 E), and warm and humid (Chennai, 13
• 00 N, 80
• 11 E). The climatic data of these locations is shown in Figure 2 . It includes monthly mean values of global radiation on horizontal surface, ambient air temperature, relative humidity, and wind speed. In most part of India (except few places at high altitudes), winter is mild and exists for two months only (December and January) and mild heating is required. For air-conditioned buildings, cooling is required for about 8 months, March to October. So this study is mainly from cooling point of view. The emphasis is on the selection of glazing types and their optimum orientation, from cooling point of view. New types of glass and coating are coming up in the market. With the increasing glazed area, the cooling load, in summer, always increases. In winter, it may lead to overheating which necessitates cooling. 
Methodology
Energy performance of the building has been investigated by using TRNSYS 16 [17] . TRNSYS Type 56 is a transient simulation module used for thermal analysis of buildings. The TRNSYS project model has three main features: weather data reader, solar radiation processor, and TRNBuild.
Weather data reader reads the data from standard file format such as TMY2 (Typical Meteorological Year version-2) and then links it with the radiation processor. The solar radiation processor calculates the radiation on inclined surfaces. In
TRNBuild, user can create input data for buildings. This data includes building envelope details such as walls, roof, floor, window, and operational behavior of the building such as heating and cooling schedules. Building has been treated as an isolated single zone. Hourly simulations have been conducted over one year period, for each of the 3 locations. This study includes five different types of windows (including low-e and solar control), six different glazed areas ranging from 20% to 90% (expressed as percentage of wall area). 
Results and Discussion
The analysis has been carried out for each of the five types of glazings, by taking the effect of glazed area, orientation, and climate on annual cooling and heating load.
Effect of Glazed Area.
Effect of glazed area on building's cooling and heating load for all types of glazings and for all orientations is shown in Table 2 (a) for Delhi, Table 2 (b) for Jodhpur, and Table 2 (c) for Chennai. These three tables are exhaustive in the sense that all the details are shown here.
Results are shown in unit floor area. Table 2 (a) shows that as glazed area increases, the energy consumption also increases, and this is already a wellknown fact. In what proportion the energy consumption increases with the glazed area depends upon building type, glazing type, glazing orientation, and climate type, and this is the subject matter of the present study. For this station and for south orientation, the results are shown in graphical form in Figure 3 
Delhi.

Effect of Orientation.
Effect of orientation of glasscurtain wall on annual energy consumption is shown in Table 4 . It is seen that south orientation corresponds to maximum annual heating/cooling load and it is minimum for north orientation. This fact holds good for all the stations. Building load for east and west orientation are almost equal (within 2% variation) for all types of glazings and for all climates. Also energy requirement in east and west direction is slightly more (about 1-2%) than north orientation. The reason is that: the beam radiation on east or west glazing is significant and has almost equal value, while it is almost nil on north glazing. Figure 4 shows the results for Delhi station. Here, annual building load for 20% glazed area (reference case, clear-clear) is normalized, so that the comparison of other glazing types with the reference case becomes simple.
In south orientation and with respect to reference case, a clear-clear glass-curtain wall results in 106% more energy requirement. Increased energy requirement for other glasscurtain walls are 104% for low-e1, 69% for low-e2, 18% for solar control (absorptive), and −6% for solar control (reflective). The same trend is noticed for the other two stations also, Jodhpur and Chennai.
4.7.Effect of Climate.
Effect of climate on comparison of glasscurtain wall with the reference case is shown in Figure 5 . For each climate (or station), the annual energy consumption in the reference case is normalized to 100 kWh/m 2 yr in order to make the comparison simple. For composite climate of Delhi and with respect to reference case, a glass-curtain wall, made of clear-clear glazing, low-e1 glazing, low-e2 glazing, and solar control (absorptive) glazing shows 106%, 104%, 69%, and 18% more energy consumption respectively, while glasscurtain wall made of solar control (reflective) glazing shows 6% less energy consumption. For dessert climate of Jodhpur, the corresponding values (in the same sequence) are 104%, 102%, 69%, 18%, and −8%, respectively. For coastal climate of Chennai, the corresponding values are 74%, 71%, 48%, 15%, and −6%, respectively. This shows that for composite climate, low-e1 glass-curtain wall consumes 104% more energy, while the same curtain wall, for coastal climate, consumes only 71% more energy. So climate has significant effect on this comparison. It is also evident that, for all three climates, curtain wall made of solar control glazing (reflective) consumes 6%-8% less energy than the reference case.
Conclusions
As the glazed area increases, the annual energy consumption increases. It is seen that this energy consumption increases Glass-curtail wall, with south orientation, results in maximum heating/cooling load of a building, irrespective of the types of the glazings and the climates. Minimum energy consumption is for north oriented glass-curtain wall. For Jodhpur and for double glazed low-e1 glass-curtain wall, it is 239.8 kWh/m 2 yr for south orientation and 162.2 kWh/m 2 yr for north orientation.
Climate has significant effect on comparison of glasscurtain wall with the reference case (south orientation). A glass-curtain wall made of low-e1 glazing, with respect to to the reference case, consumes 103.9% more energy for the composite climate of Delhi and 71% more energy for coastal climate of Chennai.
Out of five glazings analysed, a glass-curtain wall made of solar control glazing (reflective) results in almost equal annual heating/cooling load of the building as the reference case (clear-clear, 20% glazed area). It holds true for all orientations and for all climatic conditions analysed. For south orientation and for 3 climates analysed, the glasscurtain wall consumes 6%-8% less energy than the reference case.
